Emulsan is a polyanionic heteropolysaccharide bioemulsifier produced by Acinetobacter calcoaceticus RAG-1. A mixed bacterial population was obtained by enrichment culture that was capable of degrading emulsan and using it as a carbon source. From this mixed culture, an emulsan-degrading bacterium, termed YUV-1, was isolated. Strain YUV-1 is an aerobic, gram-negative, non-sporeforming, rod-shaped bacterium which grows best in media containing yeast extract. When placed on preformed lawns of A. calcoaceticus RAG-1, strain YUV-1 produced translucent plaques which grew in size until the entire plate was covered. Plaque formation was due to solubilization of the emulsan capsule of RAG-1. Plaque formation was not observed on emulsan-negative mutants of RAG-1. As a consequence of the solubilization of the emulsan capsule, RAG-1 cells became more hydrophobic, as determined by adherence to hexadecane. Growth of YUV-1 on a medium containing yeast extract and emulsan was biphasic. During the initial 24 h, cell concentration increased 10-fold, but emulsan was not degraded; during the lag in growth (24 to 48 h), emulsan was inactivated and depolymerized but not consumed; during the second growth phase (48 to 70 h) the depolymerized emulsan products were consumed.
In recent years, bioemulsifiers have received increasing attention both from the point of view of the growth physiology of the microorganisms which produce them (9, 14-16, 18, 39) and from that of their potential commercial exploitation (5, 11, 40) . Emulsan, the extracellular emulsifier of Acinetobacter calcoaceticus RAG-1 (27, 29) , stabilizes a wide variety of hydrocarbon-in-water emulsions by forming a strong polymeric film on the interface (28, 41) . The amphipathic nature of emulsan is probably due to the presence of a hydrophilic heteropolysaccharide (D-galactosamine, aminouronic acid, and a third unidentified amino sugar) and hydrophobic fatty acids (12 to 15%) joined to the backbone through 0-ester and N-acyl linkages (3, 42) .
As is the case with many other extracellular polysaccharides (36) , emulsan is produced largely after the cells reach stationary phase (10, 29) . Recently, evidence has been presented that during exponential growth, emulsan accumulates on the cell surface of RAG-1 as a mini-capsule (10, 26, 32 ; 0. Pines, E. Bayer, and D. L. Gutnick, submitted for publication).
For ecological considerations, the stability of the bioemulsifier to microbial degradation is an important factor in selecting appropriate applications. In this paper, we report studies on depolymerization and utilization of emulsan by mixed and pure bacterial cultures. In addition, evidence is presented that an emulsan-degrading bacterium, strain YUV-1, can solubilize the emulsan capsule of RAG-1.
MATERIALS AND METHODS
Bacterial strains. A. calcoaceticus RAG-1 (ATCC 31012) was initially isolated after enrichment on crude oil medium (27) . A. calcoaceticus AG-1, TR3, and 10 are emulsan-negative mutants of RAG-1 (26) . A. calcoaceticus BD4 is a heavily encapsulated (rhamnoseglucose polymer) strain (17, 37) , kindly provided by K. Bryn. Strain YUV-1 is an emulsan-degrading bacterium isolated during the course of this study. All A. calcoaceticus strains were maintained on Luria broth (LB) agar and subcultured monthly. Strain YUV-1 was maintained on LB agar and subcultured weekly.
Media Enrichment culture procedure. A 5-g soil sample was inoculated into 20 ml of 1% yeast extract (Difco) medium and incubated at 30°C with shaking. After 12 h, 0.2 ml was transferred to 2 ml of MS buffer supplemented with 0.5% N-acetyl-D-galactosamine and incubated with shaking at 30°C for 24 h. Two more transfers were performed in the same galactosamine medium under the same conditions. A sample of the mixed culture (0.2 ml) was then inoculated into 2 ml of MS buffer supplemented with 0.1% emulsan and incubated with shaking. After 60 h, the culture was centrifuged at 12,100 x g for 10 min, the supernatant fluid was filtered through a 0.45-j±m filter, and the viscosity of the cell-free filtrate was determined. Since the viscosity of the medium decreased sharply, the enrichment procedure on emulsan medium was continued. After three more transfers of the mixed culture in emulsan medium (1/10 dilution; 24 h of incubation), the resulting mixed culture was able to decrease the viscosity of the medium within 12 h. The mixed culture was maintained either by transferring into fresh emulsan medium every 3 days or by centrifuging the mixed culture and storing the frozen bacterial pellet at -210C.
Emulsan. Emulsan, the polyanionic emulsifying agent of A. calcoaceticus RAG-1, was purified from the cell-free supernatant fluid obtained from an ethanol-grown culture (42) . After dialysis and lyophilization, the powder was washed in warm ethanol to remove colored impurities and then extracted into 80% ethanol; emulsan was then precipitated by the addition of a saturated solution of Ca(NO3)2 in 90% ethanol. The extraction of emulsan into 80% ethanol and precipitation with Ca(NO3)2 was repeated. The product was then dissolved in water, dialyzed extensively against distilled water, and lyophilized. The emulsan preparation used in these studies had an emulsifying activity of 90 U/mg, an O-ester content of 0.5 ,umol/mg, a reduced viscosity of 380 ml/g, and a residual protein content of 1.0% (see below).
Emulsification assay. Emulsan activity was determined by a standard emulsification assay (29) For determination of total hexosamine in the medium, cell-free samples (0.1 to 0.5 ml each) were hydrolyzed at 100°C in 5.73 N HCI for 20 min. After drying in vacuo, the samples were dissolved in water and assayed for hexosamine by the indole-hydrochloride method (6) . Cell-associated hexosamine was determined on washed cell samples that were suspended in water to 500 to 1,000 Klett units (Klett-Summerson photoelectric colorimeter; green filter). For A. calcoaceticus RAG-1, 1,000 Klett units corresponds to 4.8 mg (dry weight)/ml. The samples were hydrolyzed at 100°C in 5.73 N HCI for 20 min, neutralized with NaOH, and assayed for hexosamine by the indolehydrochloride method (6) .
Reducing sugar was determined by the ferricyanide method (25) , with D-galactosamine as the standard. Protein was estimated by the method of Lowry et al. (21) , with bovine serum albumin as the standard. The ester content of emulsan was determined by a modification (35) of the Hestrin method (13), with acetohydroxymate as the standard. Cell dry weight was determined after drying of a sample of washed cells ovemight at 80°C.
RESULTS
Enrichment culture for emulsan-degrading bacteria. After several transfers in an enrichment culture medium containing emulsan as the source of carbon and energy, a mixed bacterial population was obtained that could depolymerize emulsan and use it as a nutrient for growth. The time course of bacterial growth and emulsan degradation by the mixed culture is summarized in Table 1 . Growth, measured by increase in culture turbidity and total cell number of the mixed bacterial population, occurred in two distinct steps. During the initial 13 h of incubation, turbidity and cell number increased 12-and 14-fold, respectively. After a lag of at least 11 h, during which time there was no net increase in turbidity or cell number, growth of the culture again took place, leading to another three-to fivefold increase in bacteria by 97 h.
Since the decrease in extracellular amino sugar (a measure of emulsan polysaccharide) became significant only after 24 h, the initial growth phase (O to 13 h) was probably at the expense of residual protein or other impurities in b Samples of the mixed culture were centrifuged to remove cells; viscosity, emulsifying activity, and total amino sugar content of the supernatant fluid were determined as described in the text. the emulsan preparation. During the lag phase (13 to 24 h), both viscosity and emulsifying activity of the extracellular fluid decreased sharply. Only during the second growth phase, beginning at 24 h, was the amino sugar consumed. Since depolymerization preceded hexosamine utilization, low-molecular-weight hexosamine compounds could have served as the carbon source for microorganisms lacking emulsanase activity.
Depolymerization of emulsan by the mixed culture was due, at least in part, to the production of an extracellular emulsan depolymerase(s). As seen in Fig. 1 , the addition of cell-free supematant fluid from the mixed culture brought about a rapid reduction in the viscosity of an emulsan solution. A control containing boiled supernatant fluid did not affect the viscosity of the emulsan solution.
Isolation of a pure culture of an emulsandegrading bacterium from the mixed culture. From the above results it was clear that the mixed culture contained at least one type of microorganism capable of producing an extracellular emulsanase. To isolate the desired emulsan-degrading bacterium, samples from the mixed culture were spread onto nutrient agar. After incubation at 30°C for 48 h, 20 different colony types were selected, and each was examined for emulsan-degrading ability. Although several of the 20 isolates grew to some extent on emulsan medium, none of them reduced the viscosity of the medium. Furthermore, when the 20 isolates were inoculated together into emulsan medium and incubated for 30°C for 1 week, there was still no drop in the viscosity of the medium.
These negative results prompted an examination of the frequency of emulsan-degrading bacteria in the mixed culture (Table 2 ). This approach was used to obtain a rough estimate of the number of colonies which would have to be screened to obtain the desired microorganism. The smallest inoculum size still capable of inactivating emulsan, even after 2 weeks of incubation, contained 8 x 102 viable cells per ml. Thus, the frequency of emulsanase-positive bacteria in the mixed culture was likely to be between 0.01 and 0.001.
Since many colonies appeared similar, it was possible that careful screening of 50 different isolates would yield the relevant organism. In fact, in a second larger screening experiment, 1 of 50 isolates examined was able to degrade emulsan, as determined by loss in both emulsifying activity and viscosity of the medium. The emulsan-degrading strain, referred to as YUV-1, is an aerobic, gram-negative, non-spore-forming, non-photosynthetic, rod-shaped bacterium about 4 ,um in length and 1 ,um in diameter, with rounded to pointed ends. Bacteria usually ap- ----a The mixed culture grown on emulsan medium for 3 days was serially diluted into 1 ml of fresh emulsan medium. Incubation was in small test tubes with shaking at 30°C. The initial cell concentration was determined by plating on LB agar.
I Emulsan degradation was measured by the qualitative micromethod. +, Emulsan was degraded; -, emulsan was not degraded. pear as singles, although some occur in short chains, up to three in length. Exponentially growing cells in LB medium were actively motile. Strain YUV-1 produced small colonies (1 to 2 mm in diameter) on LB agar after 2 days at 32°C; the glistening colorless colonies were raised and circular with smooth edges. The cells were catalase positive and nonhemolytic; gelatin and starch were not hydrolyzed. Growth did not occur on azide plates; growth on MacConkey plates was poor. The optimum growth temperature was between 32 and 40°C. Strain YUV-1 grew with a doubling time of about 2.5 h in medium containing 0.5 to 1.5% yeast extract but failed to grow in nutrient broth (Difco) or minimal medium containing glucose or acetate as the sole carbon source. When 0.5% glucose was added to yeast extract medium, there was a stimulation in growth, decrease in pH, and a characteristic formation of flocs of cells encased in an organic matrix. The above properties, especially the formation of flocs at high C to N ratios in the growth media, suggest that strain YUV-1 is a member of the genus Zoogloea (8) .
Growth of YUV-1 on lawns of A. calcoaceticus RAG-1 and degradation of cell-bound emulsan. A. calcoaceticus RAG-1 forms dull white colonies on ethanol agar, whereas mutants of RAG-1 incapable of producing emulsan form white translucent colonies (26) . Strain YUV-1, when placed on preformed lawns of RAG-1, produced translucent plaques (Fig. 2) . The plaques appeared after 24 h at 30°C and continued to grow until the entire plate was covered. The plaques increased in diameter about 2.5 mm per 12 h. RAG-1 cells within the plaque appeared to have the same translucent phenotype as the emulsannegative mutants. When RAG-1 was taken from within the plaque and placed on fresh ethanol agar, the cells grew and regained their original wild-type appearance. Two to three days after inoculation of RAG-1 lawns with YUV-1, it was possible to observe a thin layer of YUV-1 cells in the center of each of the plaques (Fig. 2) . Plaque formation appeared only on emulsancontaining RAG-1 cells. Emulsan-negative mutants AG-1, TR3, and 10, as well as the rhamnose-glucose encapsulated A. calocoaceticus BD4, did not allow plaque formation. An example of strain specificity for plaque formation is shown in Fig. 3 .
Direct evidence that YUV-1 solubilized the emulsan capsule from RAG-1 cells, thereby forming turbid plaques, was obtained by determining cell-associated hexosamine before and after treatment of RAG-1 with YUV-1 ( Table 3) YUV-1 per ml) was introduced every 12 h, starting at the top of the plate and moving clockwise. The photograph was taken 108 h after the initial inoculation. range of hexadecane volumes tested (Fig. 4) . With 0.2 ml of the hydrocarbon, 93% of the treated cells were adherent, whereas only 61% of the control RAG-1 cells were bound to the hexadecane-water interface.
Degradation of emulsan by YUV-1. Growth of a pure culture of YUV-1 on a medium containing yeast extract and emulsan is shown in Fig. 5 . Growth, measured either by culture turbidity or viable cell count (data not shown), occurred in two distinct phases. During the first day, cell concentration increased about 10-fold. This initial growth phase must have been at the expense of certain components in the yeast extract because there was no evidence of any emulsan degradation. During the lag in growth (24 to 48 h), extensive depolymerization of emulsan occurred, although total extracellular hexosamine did not decrease. It follows that low-molecularweight emulsan degradation products accumulated during this period. During the second growth phase (48 to 70 h), hexosamine was consumed.
DISCUSSION
Starting with the pioneer studies of Dubos and Avery (7), a number of investigators have isolated different soil bacteria capable of hydrolyzing capsular polysaccharides (2, 12, 18, 22, 23, 34, 38) . Although a mixed population of microorganisms capable of degrading emulsan was readily obtained by standard enrichment culture procedures, difficulties were encountered in isolating the particular microorganisms which produced the degrading enzyme. Only after extensive screening was the emulsan-degrading bacterium, strain YUV-1, isolated from the mixed culture. and then centrifuged to remove cells. Viscosity and total amino sugar content of the supernatant fluid were determined as described in the text.
Studying YUV-1 in pure culture made possible an understanding of some of the difficulties encountered in the isolation procedure. In addition to the fact that YUV-1 was a minor constituent (<1%) in the mixed population, the strain grew very slowly on nutrient agar, forming small colonies only after 4 to 5 days. An even greater difficulty arose from the fact that pure cultures of YUV-1 do not grow at a significant rate on emulsan media. Although YUV-1 can utilize emulsan, glucose, and acetate as carbon and energy sources, the strain requires additional factors (present in yeast extract) for growth. It is likely that other bacteria in the mixed culture provided these growth factors for YUV-1 in the initial enrichment cultures. Synergistic relationships involving bacteria are well known (24) and include hemicellulose utilization (4) , growth on methane (33) , and complementation of lecithinase activity by two Pseudomonas strains (1).
Strain YUV-1 produced growing translucent plaques only when spotted on lawns of emulsanencapsulated bacteria, suggesting that plaque formation was due to an extracellular, diffusible emulsanase. The RAG-1 cells inside the plaque were shown by chemical analysis to be decapsulated, although they remained viable and were able to regain their initial colonial morphology when transferred to fresh media. This phenomenon is similar in appearance to the well-known case of phage-induced capsule-degrading enzymes producing halos on lawns of encapsulated bacteria (20) .
Previously, it was shown that RAG-1 cells grown under conditions that lead to the accumulation of emulsan on the cell surface adhere poorly to hydrocarbons (27a). In addition, the emulsan-deficient mutant TR3 adhered better to hexadecane than did the parent RAG-1 cells. These data led to the hypothesis that the emulsan capsule interfered with adherence to hydrocarbons. The fact that enzymatic decapsulation of RAG-1 increased its cell surface hydrophobicity (Fig. 4) provides additional evidence for this concept. Adherence of RAG-1 cells is due, at least in part, to the presence of thin fimbriae (30) .
Although the isolation and characterization of the enzymes responsible for emulsan degradation will be the subject of a separate report, certain properties of these enzymes can be derived from the growth experiments reported here. Emulsanase activity was produced by YUV-1 growing (i) on lawns of emulsan-encapsulated RAG-1 cells and (ii) in yeast extractemulsan medium. However, emulsanase activity was not present (as determined by plaque formation or decrease in viscosity of emulsan solutions) when YUV-1 was grown on yeast extract alone, yeast extract plus glucose, or LB medium. Thus, emulsanase production appears to be induced by emulsan. At least part of the degradative activity must be extracellular because (i) the enzyme is diffusible in agar, and (ii) cell-free supernatant fluids from YUV-1 cultures brought about a rapid drop in the viscosity of emulsan solutions. The demonstration that emulsan can be degraded by soil bacteria indicates that emulsan will be effective in an open system for only a limited time period. Isolation of emulsanase from YUV-1 should provide a valuable tool for (i) further studies on the chemical structure of emulsan and (ii) specifically breaking hydrocarbon-in-water emulsions stabilized by emulsan.
